bernardm@ciml.univ-mrs.fr (B.M.), matthias.gstaiger@imsb.biol.ethz.ch (M.G.) In Brief Caron et al. apply an advanced workflow that combines mouse genetic engineering, affinity purification-SWATH mass spectrometry, and open-source software platforms to accurately and reproducibly quantify high-confidence, time-resolved protein interactions in primary T cells isolated from mouse tissues.
INTRODUCTION
Dynamic organization of protein-protein interactions in signaling networks is essential to coordinate cellular functions in response to extrinsic and intrinsic signals. Affinity purification coupled with mass spectrometry (AP-MS) has been the method of choice to identify protein-protein interactions and protein complexes in various model systems (Hauri et al., 2013; Glatter et al., 2011) . The majority of AP-MS studies to date used epitope-tagged bait proteins expressed exogenously in transformed cell lines. The use of exogenous bait expression may, in most cases, result in the correct identification of physiological binding partners, but the measured binding stoichiometries are likely to be affected upon exogenous overexpression compared to the corresponding endogenous protein. One other drawback is connected to the usage of transformed cell lines. Although cell lines provide many advantages in terms of flexibility and scalability, they may not reflect molecular processes and signaling events occurring in vivo under physiological conditions (Astoul et al., 2001) . Cellular transformation, clonal selection of cell lines, and adaptation to in vitro cell-culture conditions result in changes in protein abundances as well as in posttranslational modifications, which, in turn, are likely to affect the quality and kinetic behavior of signaling interaction networks as compared to primary cells. Therefore, it remains difficult to extend the conclusions reached in such cell lines to primary cells. Moreover, a given signaling pathway often operates in different cell types or at different developmental stages. For instance, the T cell antigen receptor (TCR) functions both in the thymus during T cell development and in mature T cells found in secondary lymphoid organs. It may, therefore, be hazardous to use models of TCR signaling established in mature T cells to interpret results corresponding to developing T cells (Fu et al., 2014) . To circumvent these limitations, we have developed knockin mice that bear an epitope tag that permits AP-MS of protein complexes isolated from primary cells belonging to various tissues or representing various developmental stages (Roncagalli et al., 2014).
Growth-factor-receptor-bound protein 2 (GRB2) is an essential adaptor protein made of one SH2 domain and two SH3 domains. GRB2 interacts through its central SH2 domain with phosphorylated tyrosines found in the cytoplasmic tail of activated tyrosine kinase receptors (RTKs) (Songyang et al., 1994) , linking them to Son of Sevenless (SOS), a family of guanine nucleotide exchange factors (GEFs) that act on Ras small GTPases and regulate the mitogen-activated protein kinase (MAPK) signaling pathway (McCormick, 1993) . In T lymphocytes, GRB2 is also part of the TCR signaling network and involved in both the control of T cell development and the activation of mature T cells (Jang et al., 2009) . Given the central role played by GRB2 in signal initiation and diversification, knowledge of the composition and dynamics of the signalosomes that form around it in distinct signaling cascades and cell types is, thus, key to understanding the scope of its actual functions. We, therefore, selected GRB2 as a model for evaluating whether SWATH (sequential window acquisition of all theoretical fragment ion spectra)-MS (Gillet et al., 2012 (Gillet et al., , 2016 could enable rapid, reliable, and accurate quantitative analysis of protein interaction dynamics in two types of primary cells that were extemporaneously isolated from mouse ( Figure 1) .
RESULTS

Mapping the GRB2 Interactome in Peripheral CD4
+ T Cells To identify the proteins that interact with GRB2 prior to or after TCR-mediated activation of primary mouse T cells, we first generated a line of gene-targeted mice expressing a OneSTrEP-tag (OST) at the carboxyl terminus of endogenous GRB2 proteins (called GRB2 OST mice) ( Figure S1A ). We showed that primary T cells from GRB2 OST mice are normal and amenable to AP-SWATH analysis ( Figure S1 ; Supplemental Experimental Procedures). We then measured the abundance of affinity-purified proteins from GRB2
OST mice and compared it with their corresponding abundances from AP using wildtype (WT) control mice, which do not express the OST affinity tag. CD4 + primary T cells from GRB2 OST and WT mice were lysed before or after activation with anti-CD3 and anti-CD4 antibodies for 0.5, 2, 5, and 10 min and subjected to single-step AP and subsequent MS analysis. Our MS workflow involved data-dependent acquisition (DDA) for protein identification and generation of a spectral library containing 3,577 target peptides and 25,356 transitions, which we used for targeted analysis of the acquired data-independent acquisition (DIA) data. Among the 658 proteins identified with a false discovery rate (FDR) <1%, 53 qualified as high-confidence GRB2 interactors based on their enrichment in GRB2
OST relative to WT control purifications (for details on filtering, see the Supplemental Experimental Procedures).
Taking into account already described physical protein-protein interactions and incorporating protein functionalities and data provided by the literature allowed us to highlight protein modules potentially relevant to understanding the GRB2 roles ( Figure 2 ; Data S1). Although the CD4 + T cells used in this study have been solely stimulated via the TCR and CD4, the proteins associated with GRB2 following TCR-CD4 engagement contained several transmembrane receptors distinct from the TCR. The intracytoplasmic segment of most of them constitutes substrates for protein tyrosine kinase and may have thus provided docking sites for the GRB2 SH2 domain. Consistent with published reports, ITB2, a subunit of the integrin LFA-1, was part of the GRB2 interactome. Interestingly, LEUK (also known as CD43 or leukosialin) and the CD5 and CD6 cell-surface receptor constituted additions to the GRB2 interactome. Following TCR-CD4 engagement, GRB2 also interacted with the transmembrane adaptors LAT and LAX, the SLP76 (also known as LCP2) and GRAP2 cytosolic adaptors, and the GEFs SOS1 and SOS2 and VAV1 and VAV3, reinforcing the view that GRB2 connects several receptors expressed at the surface of CD4 + T cells to key players of T cell activation. The GRB2 interactome also comprised proteins involved in endocytosis (WIPF1 and SH3K1), actin cytoskeleton remodeling (the GTPase-activating proteins [GAPs] ARAP1 and the adaptor SHC1), and lysosomal ) and from knockin mice expressing endogenous GRB2 tagged with a One-STrEP-tag (OST) (GRB2 OST ). T cells were isolated before or after stimulation for 0.5, 2, 5, and 10 min with anti-CD3 and anti-CD4 antibodies followed by affinity purification of GRB2 protein complexes using Strep-Tactin Sepharose beads. (Upper right) Overview of MS analysis. Affinitypurified samples were acquired in both DIA/SWATH and DDA/shotgun modes (for a detailed description, see Aebersold and Mann, 2016; Gillet et al., 2016) . Data were used to build a high-confidence GRB2 interactor-specific assay library. Visualization of AP-SWATH data, quantification, and statistics analysis were performed in Skyline. (Lower right) Clustering of interaction dynamics and network-based analysis were performed using the Garuda platform, a community-driven software platform that supports reproducibility of computational analysis from complex high-dimensional data. See also Figures S1 and S2. The advanced workflow applied in this study enabled the identification of 53 high-confidence direct or indirect GRB2 interactors in resting and activated CD4 + T cells. Proteins were classified according to their function or protein family (see key). GRB2 interactors that have been previously identified in T cells from public databases are border painted in red. Components of modules are defined by the degree of interconnectivities of preys, subcellular localizations, and described functionalities. GAP, GTPase-activating protein; GEF, guanine-exchange factor. See also Figure S3 and Data S1.
degradation (the E3 ubiquitin-protein ligase CBLB). An AP-MRM-based study using EGFR (epidermal growth factor receptor)-stimulated fibroblasts also suggested that SHC1 acts as a cytoskeleton organizer through the recruitment of PTPN12 (also known as PTP-PEST) and PEAK1 (also known as SgK269), both of them having also been found in the GRB2 interactome of primary T cells. Some GRB2 interactors can be grouped in a ''distal module'' (Figure 2 ) that is primarily made of proteins containing nucleotide-binding domains, the function of which remains to be established in the context of TCR signaling. Overall, 22 of the 53 high-confidence interactors have not been previously reported, and 41 of them have not been previously observed in T cells (Figure 2 ; Data S1). Whereas some of the 22 GRB2-interacting partners identified here have been reported to be involved in T cell activation (e.g., SATB1 and GRAB), several of them (RPN1/2, SH3L1, and SC61B) have not been characterized in the context of the TCR signaling pathway yet.
To independently confirm the GRB2 interactions identified through AP-SWATH, we performed co-immunoprecipitation (co-IP) and western blotting experiments and focused on CD5 and ARAP-1, two GRB2 partners identified in T cells for which commercial antibodies were available. Co-IP of CD5 and ARAP1 from cell lysates of WT CD4 + T cells stimulated with anti-CD3 plus anti-CD4 antibodies for 2 min independently validated the interaction between CD5 and ARAP-1 with GRB2 identified by AP-SWATH ( Figure S3D ). CD5 is an important organizer of ubiquitylation following TCR stimulation (Voisinne et al., 2016) , and the identification of GRB2 within the CD5 signalosome further unveils its complexity. Taken together, these results and the ones provided by the AP-SWATH analysis of the GRB2 OST molecule delineate comprehensive maps of the GRB2 interactome in both resting and activated primary mouse CD4 + T cells.
Reproducible Quantitative Measurements of GRB2 Protein Interactions in Peripheral CD4
+ T Cells The development of methods that enable precise and robust quantitative measurements of protein abundances is important in facilitating statistics and downstream computational analysis for the identification of meaningful protein interaction patterns (Collins et al., 2013; Lambert et al., 2013) . Generation of highly precise and reproducible AP-SWATH data from primary cells is, therefore, crucial for understanding dynamic complex formation at the physiological level. Here, we assessed the reproducibility of AP-SWATH analysis to quantify the dynamics of the GRB2 interactome 0.5, 2, 5, and 10 min after TCR-mediated T cell activation. Targeted analysis of AP-SWATH data was performed using a refined assay library consisting of 604 peptides and 4,020 transitions specific for GRB2 and 53 high-confidence GRB2 interactors identified earlier, followed by manual validation of the extracted peak groups in Skyline (MacLean et al., 2010) (Figure S3 ; Data S1). The 53 proteins were consistently quantified across the time series ( Figures 3A and S4A ), i.e., before and after T cell stimulation, in all four biological replicates, and the median coefficient variation (CV) ranged from 19.7% to 33.2%, a finding comparable to CVs calculated from AP-SWATH studies conducted using transformed cell lines (Collins et al., 2013; Lambert et al., 2013) (Figure 3C ; Data S1). Of note, highly reproducible and accurate quantification was not compromised using a short liquid chromatography (LC) gradient of 30 min, thereby enhancing the throughput of time course experiments ( Figure S4E ). Therefore, rapid and robust quantitative measurements of high-confidence, timeresolved GRB2 protein interactions can be achieved from primary mouse CD4 + T cells. for rigorous validation of findings within the scientific community from complex high-dimensional data (Peng, 2011) . Toward this goal, AP-SWATH data were analyzed in this study using two open-source software systems: the graphical user interface MSstats in Skyline for raw data analysis (Choi et al., 2014) and the Garuda platform for further data processing and visualization (Ghosh et al., 2011) , both supporting reproducibility of statistics and computational analysis. Using these software tools, we generated heatmaps, protein clusters, and statistics demonstrating that protein assemblies of increasing complexity formed around GRB2 within the first seconds of T cell activation ( Figures  3A, 3B , and S4). Among the clustered interactors ( Figure S5 ), $77% were recruited by GRB2 complexes post-stimulation, with significant fold changes ranging from 1.3 (TPSN; p = 0.012) to 118 (LAT; p = 4 3 10 À11 ) when compared to unstimulated T cells (Data S1). More precisely, a subset of 18 interactors involving known components of the TCR signaling pathway (e.g., LAT, LCP2, SOS1, VAV1, and ITK) showed maximal association with GRB2 30 s post-stimulation and then disassembled from the bait with different kinetics ( Figures 3D and S4) . Interestingly, the adaptor SHC1 was the sole protein that significantly reached its maximal association with GRB2 at a later time point (fold change = 14.3, and p = 4 3 10 À9 at 5 min after stimulation) ( Figure 3D ). In contrast, two proteins (ARAP1 and PTPRA) disassembled from GRB2 complexes after TCR stimulation (Figure 3D) . Moreover, network-based analysis revealed a high level of functional interconnectivity between established components of the TCR signaling pathway and the clustered GRB2 interactors ( Figure S5 ). Interestingly, PRC2A (Proline Rich Coiled-Coil 2A, also known as BAT2), a poorly characterized protein, strongly associated with GRB2 $30 s after T cell activation (fold change = 6.1; p = 3.8 3 10 À6 ) and slowly disassembled over time-a kinetic similar to the one observed for well-established components of the TCR signaling pathway, e.g., LAT, SOS1, VAV1, SLP-76/LCP2, and CBLB ( Figure 3D ). Since functionally related proteins may show similar kinetics of assemblydisassembly in response to cell stimulation (García-Marqué s et al., 2016) , this result suggests a role for PRC2A in TCR signaling. Collectively, these quantitative AP-SWATH data provided a systematic and accurate view of the temporal reorganization of the GRB2 protein interaction network after TCR-mediated activation of peripheral CD4 + T cells. Further experiments would be needed to assess the functional significance of these kinetics as well as the potential role of poorly characterized GRB2 interactors in TCR-mediated T cell activation. OST samples were subjected to SWATH-MS, and we concurrently analyzed the AP-SWATH datasets in Skyline for quantitative comparison using the established high-confidence GRB2-interactor-specific assay library (Data S1). Among the proteins that constituted the GRB2 interactome, only 14 GRB2 interactors were consistently detected in both developing and mature T cells and can, thus, be used for comparative analysis across the entire kinetic (Figures 4 and S6; Data S1). The number of GRB2 interactors identified in both mature and developing T cells is relatively low, and further experiments would be needed to evaluate whether many highconfidence GRB2 interactors in developing T cells were lost during the experimental procedures. Nevertheless, similar temporal profiles were observed between developing and mature T cells for 6 of the 14 time-resolved GRB2 interactors (LAT, GRAP, MPCP, PRC2A, SHC1, and THMS1) (Figures 4 and S6; Data S1 and S2). For instance, SHC1 associated with GRB2 in a progressive fashion in both mature and developing T cells and reached maximal interaction with GRB2 5 min post-TCR activation in both T cell populations ( Figure 4B ). Interaction profiles between GRB2 and THEMIS remained relatively stable across the time series in both mature and developing T cells ( Figure 4B ). In contrast, ARAP1, GRAP2, M4K1, PTPRA, SATB1, SHIP1, SOS1, and USB3A showed a significant differential kinetics of GRB2 association between developing and mature T cells for at least one stimulation time point (Figures 4 and S6; Data S1). For instance, the association of the receptor-protein tyrosine phosphatase PTPRA with GRB2 transiently increased in a significant manner $30 s after stimulation of developing T cells (fold change = 1.94, p = 0.005), whereas a slight but significant transient dissociation of PTPRA and GRB2 was found in peripheral CD4 + T cells (fold change = À1.31, p = 0.03). Interestingly, this particular kinetic pattern was also observed with SATB1 and ARAP1 ( Figure S6 ). This observation might suggest the existence of a complex that involves GRB2, PTPRA, SATB1, and ARAP1, since correlations in protein association with a given bait as a function of time of TCR stimulation support the occurrence of physical association between them (Voisinne et al., 2016) . Although further experiments would be needed to test this hypothesis, our results led us to conclude that the workflow presented in this study provided a sufficient level of quantitative accuracy to distinguish similar and differential protein interaction dynamics between two functionally distinct primary T cell populations.
DISCUSSION
Canonical signaling pathways, as defined by the analysis of transformed cell lines grown in vitro, do not reflect the properties of cell-signaling systems operating in vivo in primary cell types of our tissues. Given differential protein expression across tissues, it is conceivable that a canonical core pathway that acts in different tissues may operate in a context-specific fashion, leading to tissue-specific differences in the quality and kinetics of processes controlled by the signaling system. This, in turn, may cause differential phenotypic consequences in response to the same cellular signal. Systematic analysis of context-dependent properties of signaling systems is, therefore, essential for rationalizing and predicting differential phenotypic outcome in response to the same signals across different tissues. Specific and dynamic formation of protein-protein interaction represents a key mechanism for regulating properties of cellular signaling. However, building pathway models that correctly reflect the properties of a signaling system in primary cells on the basis of public protein interaction data is compromised by the shortcomings of established methods to systematically retrieve protein interaction data. The significantly different GRB2-PTPRA interaction, as determined by MSstats, between the two cell types at 0.5 min post-stimulation is indicated (**adjusted p < 0.01). Error bars represent SD. See also Figure S6 and Data S1.
Most systematic protein-protein interactions studies, to date, do not address the dynamic nature of protein complex formation. Moreover, the vast majority of data on protein interactions has been obtained by the analysis of a heterogeneous set of transformed cell lines, which complicates the development of coherent pathway models. Altogether, cell signaling depends on tissue-contextdependent formation of transient signaling complexes, but precise, quantitative, and reproducible information on context-specific complex formation is vastly missing in the literature. Here, we introduced a workflow that combines genetic engineering and SWATH-MS to address these shortcomings. Using the SH2 and SH3 domains containing versatile signaling adaptor GRB2 as a model, we could demonstrate that the presented method provided a sufficient level of precision and robustness to accurately probe the remodeling of signaling complexes following the activation of primary T cells and established context dependencies of GRB2-associated signaling in developing and mature T cells. We anticipate that our generic method could be broadly applied to rapidly expedite the robust temporal profile of protein interactomes from a range of cell and tissue types. When combined with the recent possibility to edit the mouse genome in a fast-track manner via CRISPR/Cas9 (Yang et al., 2013) , our approach will permit the deciphering of how tissue-specific context impacts cell-signaling events at the organismal level.
EXPERIMENTAL PROCEDURES
A brief summary of experimental procedures is provided in the following text (refer to the Supplemental Information for detailed procedures).
Generation of GRB2 OST Mice
Knockin mice expressing endogenous GRB2 proteins tagged at their carboxyl terminus with an OST were generated as described in the Supplemental Experimental Procedures. Mice were maintained in specific pathogen-free conditions, and all experiments were done in accordance with institutional committees and French and European guidelines for animal care.
Stimulation of Isolated Primary T Cells and AP of Protein Complexes CD4 + T cells were isolated from pooled lymph nodes and spleens with a Dynabeads Untouched Mouse CD4 + T Cell Kit and were stimulated for 0.5, 2, 5, and 10 min with anti-CD3 and anti-CD4 antibodies, followed by AP of GRB2 protein complexes using Strep-Tactin Sepharose beads. Detailed protocols are provided in the Supplemental Experimental Procedures.
MS
Data acquisition (DDA and DIA modes), assay library generation, and targeted extraction of AP-SWATH data were performed as described previously (Collins et al., 2013; Schubert et al., 2015) , using the Skyline software. Details of the procedures are provided in the Supplemental Experimental Procedures.
Filtering Criteria for the Identification of High-Confidence GRB2 Interactors High-confidence GRB2 interactors were identified using a three-step filtering with both DDA and SWATH AP-MS data, followed by manual validation of high-confidence GRB2 interactors in Skyline (see Figures S2 and S3) . Details of the procedures are provided in the Supplemental Experimental Procedures.
Statistics and Computational Analysis
Statistical and computational analyses were performed using MSstats in Skyline (Broudy et al., 2014; Choi et al., 2014) and the Garuda platform (Ghosh et al., 2011) . Both Skyline and Garuda are open-source software systems supporting the reproducibility of statistics and computational analysis by the scientific community. Details can be found in the Supplemental Experimental Procedures.
ACCESSION NUMBERS
The accession number for the MS shotgun data (centroided mzXML and identified peptides in a pepXML report), which were used to generate the spectral and assay libraries reported in this paper is PRIDE: PXD003973 (Vizcaíno et al., 2013 
SUPPLEMENTAL EXPERIMENTAL PROCEDURES
Targeting vector for Grb2 ost allele. A 7.5 kb genomic fragment containing the 3' end of the Grb2 gene was isolated from a BAC clone (clone n° RP23-414N11; http://www.lifesciences.sourcebioscience.com) of C57BL/6J origin. A chloramphenicol-resistance gene bracketed at its 5' end by a sequence that codes for a Gly-Ser-Gly spacer sequence comprising a BspeE1 site and at its 3' end by a SalI site was inserted in phase at the 3′ end of the Grb2 coding sequence found in exon 6. Colonies containing a correctly inserted chloramphenicol-resistance gene were selected and the chloramphenicol-resistance gene was excised using BspeE1 and SalI digestion and replaced by a XmaI-SalI fragment corresponding to a OST-(Stop)2loxP-tACE-CRE-PGK-gb2-neo r -loxP cassette was introduced at the 3′ end of the Grb2 coding sequence as described (Roncagalli et al., 2014) . Finally, the targeting construct was abutted to a cassette permitting the expression of thymidine kinase.
Isolation of recombinant embryonic stem (ES) cell clones. JM8.F6 C57BL/6N ES cells (Pettitt et al., 2009) were electroporated with the Grb2 OST targeting vector. After selection in G418 and ganciclovir ES cell clones were screened for proper homologous recombination by Southern blot or PCR analysis. When tested on BamHI-digested genomic DNA, the 5′ single-copy probe used to identify proper recombination events hybridized to a 14.9 kb wild-type fragment and to a 8.5 kb recombinant fragment. When tested on EcoRI-digested genomic DNA, the 3′ single-copy probe used to identify proper recombination events hybridized to a 10.2 kb wild-type fragment and to a 4.6 kb recombinant fragment. A neo r specific probe was used to ensure that adventitious non-homologous recombination events had not occurred in the selected clones corresponding to the Grb2 OST allele.
Production of knock-in mice.
Mutant ES cells were injected into FVB blastocysts. Screening for proper deletion of the loxP-tACE-CRE-PGK-gb2-neo-loxP cassette and for the presence of the sequence coding for the OST was performed by PCR using the following pair of primers: sense 5'-TCAGATCCCAATTGGTGGAAAGGGG-3' and antisense 5'-ACCCGTGGGACCCAGCCAGGTGTTC-3'. This pair of primers amplified a 210 bp band in the case of the wild-type allele and a 400 bp band in the case of the Grb2 OST allele.
Mice. Grb2
OST (also known as B6-Grb2
tm1Mal
, called "GRB2 OST " mice here) and wild-type B6 mice were maintained in specific pathogen-free conditions and all experiments were done in accordance with institutional committees and French and European guidelines for animal care. Analysis of mice homozygous for the Grb2 OST allele showed that they expressed normal levels of GRB2 protein, that their T cells developed properly, and that they contained normal numbers of mature CD4 + and CD8 + T cells ( Figure S1B , C and D). CD4 + T cells purified from wild-type and GRB2 OST mice and stimulated with anti-CD3 antibodies in the presence or absence of anti-CD28 antibodies showed that expression of the GRB2-OST proteins had no detrimental effect on their proliferation ( Figure S1E ) or production of interleukin 2 ( Figure S1F ). Immunoblot analysis showed that before and after activation with anti-CD3 and anti-CD4 antibodies, GRB2-OST proteins can be purified from lysates of GRB2
OST peripheral CD4 + T cells using Sepharose beads coupled to Strep-Tactin ( Figure S1G ). As expected, no detectable material was recovered from wild-type CD4 + T cells.
Flow cytometry. Stained cells were analyzed using an LSRII system (BD Biosciences). Data were analyzed with the Diva software (BD Biosciences). Cell viability was evaluated using SYTOX Blue (Life Technologies). The following antibodies were used: anti-CD5 (53-7.3), anti-CD4 (RM4-5), anti-CD8 (53-6.7), anti-CD25 (PC61), anti-CD44 (Im7) and anti-CD19 (6D5); all from BD Biosciences.
CD4
+ T cell proliferation and IL-2 secretion. For proliferation and IL-2 secretion assay, purified CD4 + T cells were stimulated with plate-bound anti-CD3 (145-2C11; Exbio) and soluble anti-CD28 (37-51; Exbio). After 72 h of culture, T cell proliferation was assessed by Cell trace violet (Thermo Fisher Scientific) dilution. IL-2 production was measured with a Duoset ELISA test (R&D Systems).
+ T cell isolation and short-term expansion. CD4 + T cells were purified from pooled lymph nodes and spleens with a Dynabeads Untouched Mouse CD4 + T Cell Kit (Life Technologies); cell purity was 95%. Purified CD4 + T cells were expanded for 48 hours with plate-bound anti-CD3 (5µg/ml; 145-2C11) and soluble anti-CD28 (1µg/ml; 37-51). After 48 h of culture, CD4 + T cells were harvested and grown in the presence of IL-2 (5-10 U/ml) for 48 h.
Stimulation and lysis of T cells prior to AP-SWATH analysis. Short-term expanded CD4
+ T cells (100 x 10 6 ) and freshly isolated thymocytes from GRB2 OST and wild-type mice were left unstimulated or stimulated at 37°C with antibodies. In the last instance, cells were incubated with anti-CD3 (0.2 µg per 10 6 cells; 145-2C11; Exbio) and anti-CD4 (0.2 µg per 10 6 cells; GK1.5; Exbio) on ice, followed by one round of washing at 4°C. Cells were then incubated at 37°C for 5 min and subsequently left unstimulated or stimulated at 37°C with purified rabbit anti-rat antibodies (0.4 µg per 10 6 cells; Jackson Immunoresearch) for 0.5, 2, 5 or 10 minutes at 37°C. Stimulation was stopped by the addition of a twice concentrated lysis buffer (100 mM Tris, pH 7.5, 270 mM NaCl, 1 mM EDTA, 20% glycerol, 0.4% n-dodecyl-β-maltoside) supplemented with protease and phosphatase inhibitors. After 10 min of incubation on ice, cell lysates were centrifuged at 14,000 rpm for 5 min at 4°C. Post-nuclear lysates were then used for affinity purification.
Stimulation and lysis of T cells for coimmunoprecipation assays. Short-term expanded CD4
+ T cells from wild-type mice were incubated with biotinylated anti-CD3 (2C11) and anti-CD4 (GK1.5) antibodies and stimulated with streptavidin for 2 min at 37°C. Stimulation was stopped by the addition of a twice concentrated lysis buffer (100 mM Tris, pH 7.5, 270 mM NaCl, 1 mM EDTA, 20% glycerol, 0.4% ndodecyl-β-maltoside) supplemented with protease and phosphatase inhibitors. After 10 min of incubation on ice, cell lysates were centrifuged at 14,000 rpm for 5 min at 4°C. Equal amounts of post-nuclear lysates were incubated with anti-CD5, anti-ARAP1 antibodies or isotype-matched control immunoglobulins (Iso Ctrl) at 4°C for 1.5 h on a rotary wheel. Immune complexes were purified with Pansorbin (Calbiochem) and were washed three times before elution in SDS-containing sample buffer. Eluted samples and wholecell lysates were loaded on 10% SDS-PAGE gel and subsequently analyzed by immunoblot with specific antibodies. The following antibodies were used: anti-ARAP1 (NB100-68223) from Novus Biologicals, anti-CD5 (sc-6986) and anti-GRB2 (sc-255) from Santa-Cruz Biotechnology.
Affinity purification of protein complexes. Equal amount of post-nuclear lysates were incubated with prewashed Strep-Tactin Sepharose beads (IBA GmbH) for 1.5 h at 4°C on a rotary wheel. Beads were then washed 5 times with 1 ml of lysis buffer in the absence of detergent and of protease and phosphatase inhibitors. Proteins were eluted from the Strep-Tactin Sepharose beads with 2.5 mM D-biotin. For removal of D-biotin, samples were precipitated by addition of trichloroacetic acid (100%) to 25% (v/v) and incubation on ice for 1 h. Protein were pelleted by centrifugation at 13,000 rpm for 15 min at 4 ºC. Protein pellets were then washed 3 times with 200 µL ice-cold acetone with 5-min interspersed centrifugation. Washed protein pellets were dried by vacuum centrifugation at 45 ºC for 5 min and then resuspended in 25 µL 6 M urea, 50 mM NH 4 HCO 3. Samples were diluted to 0.5 M urea with 50 mM NH 4 HCO 3 before cysteines reduction (5 mM TCEP, 30 min at 37 ºC) and alkylation (10 mM iodoacetamide, 30 min at 37 ºC in the dark). Proteins were digested overnight at 37 ºC by addition of 1 µg trypsin (2.5 uL Promega, sequence-grade, V5113). Trifluoroacetic acid (50%) was added to 1 % (v/v) to stop the reaction, and peptides were purified using C18 microspin columns (3 -30 µg, Nest Group) and resuspended in 15 µL Buffer A (acetonitrile 2%, formic acid 0.1 %) containing iRT peptides for retention-time alignment (Biognosys) (Escher et al., 2012) . 4 µL of resuspended peptides were injected serially in SWATH and shotgun acquisition modes. SWATH mass spectrometry. Samples were analyzed on an Eksigent nanoLC (AS-2/1Dplus or AS-2/2Dplus) system coupled with a SWATH-MS-enabled AB SCIEX TripleTOF 5600 + System. The HPLC solvent system consisted of buffer A (2% acetonitrile and 0.1% formic acid in water) and buffer B (2% water with 0.1% formic acid in acetonitrile). The samples were separated in a 75 µm-diameter PicoTip emitter (New Objective) packed with 21 cm of ProntoSIL 3 µm, 200 Å C18 AQ material (Bischoff Chromatography). The loaded material was eluted from the column at a flow rate of 300 nl/min with the following gradient: linear 2-35% B over 60 min, linear 35-90% B for 1 min, isocratic 90% B for 4 min, linear 90-2% B for 1 min and isocratic 2% solvent B for 9 min. SWATH data were acquired using a predefined variable 64-window strategy as described in Collins et al. (submitted) . The collision energy for each window was set using the collision energy of a 2+ ion centered in the middle of the window (equation: 0.0625 x m/z -3.5) with a spread of 15 eV.
Shotgun mass spectrometry. The mass spectrometer was operated in data dependent acquisition (DDA) 'top 20' mode, with 500 ms and 150 ms acquisition time for the MS1 and MS2 scans respectively, and 20 s dynamic exclusion. Ions were isolated using a quadrupole resolution of 0.7 amu and fragmented in the collision cell using the collision energy equation (0.0625 x m/z -3.5) with an additional collision energy spread of 15 eV within the 150 ms accumulation time to mimic SWATH like fragmentation conditions. If ≤ 20 precursor ions meeting the selection criteria were detected per survey scan, the detected precursors were subjected to extended MS/MS accumulation times to maintain a constant total cycle time of 3.5 s.
SWATH assay library generation.
A high quality SWATH assay library was generated as described previously using the iPortal workflow (Kunszt et al., 2014) . In brief, the TPP (4.7.0) (Deutsch et al., 2010) and SpectraST (5.0) (Lam and Aebersold, 2011) were used for the analysis of the shotgun proteomics runs. The datasets were searched using X!tandem and Comet against the canonical mouse proteome as annotated by the UniProtKB/Swiss-Prot and appended iRT peptide and decoy sequence. The search parameters were set to include fully tryptic peptides (KR/P) containing up to two missed cleavage sites. Carbamidomethyl (+ 57.021465 Da) on cysteine was set as static peptide modification. Oxidation (+ 15.99492 Da) of methionine and phosphorylation (+79.966331 Da) of serine, threonine and tyrosine were set as dynamic peptide modifications. The precursor mass tolerance was set to 50 p.p.m. and the fragment mass error tolerance was set to 0.1 Da. The peptide spectrum matches obtained were evaluated statistically using PeptideProphet and iProphet within the TPP (Deutsch et al., 2010) . MAYU (Reiter et al., 2009 ) was used to select an iProphet cutoff score resulting in a protein FDR < 1 %. SpectraST was used in library generation mode with CID-QTOF settings and iRT normalization at import against the iRT Kit peptide sequences (-c_IRTirtkit.txt -c_IRR) and a consensus library was consecutively generated. The script spectrast2tsv.py was then used to generate the assay library with suggested settings: -l 350,2000 -s b,y -x 1,2 -o 6 -n 6 -p 0.05 -d -e -w swath32.txt -k openswath. The OpenSWATH tool ConvertTSVToTraML converted the TSV file to TraML and decoys were appended to the TraML assay library with the OpenSWATH tool OpenSwathDecoyGenerator as described (Schubert et al., 2015a) .
SWATH-MS targeted data extraction.
OpenSWATH. The iPortal workflow was used for data analysis (Kunszt et al., 2014) . The OpenSWATH analysis workflow (OpenSWATHWorkflow) (http://www.openswath.org) was implemented in the iPortal workflow. The following parameters were selected: min_rsq: 0.95, min_coverage: 0.6, min_upper_edge_dist: 1, mz_extraction_window: 0.05, rt_extraction_window: 600, extra_rt_extraction_window: 100. pyprophet (https://pypi.python.org/pypi/pyprophet) was run on the OpenSwathWorkflow output adjusted to contain the previously described scores (xx_swath_prelim_score, bseries_score, elution_model_fit_score, intensity_score, isotope_correlation_score, isotope_overlap_score, library_corr, library_rmsd, log_sn_score, massdev_score, massdev_score_weighted, norm_rt_score, xcorr_coelution, xcorr_coelution_weighted, xcorr_shape, xcorr_shape_weighted. yseries_score). The Rpackage imsbInfer (Williams et al., 2016) (https://github.com/wolski/imsbInfer) was used to process and convert the OpenSWATH extraction results to a format directly compatible for downstream statistical analysis. Skyline. Assay libraries were loaded into Skyline and SWATH traces were analyzed as described previously (Schubert et al., 2015a) . Advanced protocols for analysis of SWATH/DIA data can be downloaded from the website: http://skyline.maccosslab.org.
Filtering strategy for the identification of the GRB2 high-confidence interactome. Several AP-MS data processing methods have been developed to determine the high-confidence interacting partners of a given bait (Collins et al., 2013; Pu et al., 2015) . For instance, permissive confidence filters have previously been reported to successfully identify high-confidence interactomes in primary T cells using conventional DDA-MS (Reginald et al., 2015; Roncagalli et al., 2014) . Alternatively, strict cut-off statistics have also been applied to identify high-confidence protein interactions in a transformed HEK293 cell line using SWATH-MS (Collins et al., 2013) . To potentially maximize the coverage of a GRB2 high-confidence interactome in primary T cells, both permissive and strict filtering thresholds were used in this study. More specifically, a three step filtering was applied using both DDA (step 1) and SWATH (step 2) data followed by manual validation of the interactors in the Skyline software tool (step 3) (see below for more details).
Step 1: permissive confidence filtering using DDA data. Mature CD4 + T cells were isolated from GRB2 OST mice, lysed prior to or at various times (0.5, 2, 5 and 10 minutes) after activation with anti-CD3 plus anti-CD4 antibodies and then protein complexes containing GRB2-OST were isolated through the use of StrepTactin-Sepharose beads. DDA analysis of the GRB2 OST samples resulted in the identification of 658 unique proteins with false discovery rate (FDR) < 1% -estimated using the iPortal workflow (Kunszt et al., 2014) . To distinguish truly interacting proteins from nonspecific contaminants, we computed the normalized spectral abundance factors (NSAF) from the GRB2
OST DDA-MS data and compared the values to those obtained from control purification experiments involving CD4 + T cells isolated from GRB2 WT mice ( Figure S2B and Data S1). Protein abundance was estimated by the average NSAF value across all time points for each protein. To pass our permissive confidence filtering, interactors need 1) to show enrichment values five times greater than the control, 2) to be observed in a least three of the four biological replicates, and 3) to be a non-ribosomal protein.
Proteins not fulfilling these criteria were considered as contaminants as described in (Roncagalli et al., 2014) . This permissive NSFA-based filtering approach resulted in the identification of 58 potential high-confidence GRB2 interactors ( Figure S3A ).
Step 2: strict confidence filtering using SWATH data. In the second filtering step we first assembled a high quality reference assay library consisting of consensus fragment ion spectra (Collins et al., 2013; Schubert et al., 2015b; Gillet et al., 2012) . Based on the DDA-MS spectral data generated from the AP products obtained from GRB2
OST and GRB2 WT mice (see step 1 above), we generated an assay library containing 3,577 target peptides and 25,356 transitions (Data S1) for targeted analysis of the AP-SWATH data set. We next subjected GRB2
OST and control GRB2 WT samples to SWATH-MS analysis ( Figure S2A ). Data were analyzed using the OpenSWATH software tool and the assay library. The R package imsbInfer (https://github.com/wolski/imsbInfer) (Williams et al., 2016 ) was used to process and convert the OpenSWATH extraction results to a format directly compatible for downstream statistical analysis (see Data S1). Potential high-confidence GRB2 interactors were identified by enrichment over control GRB2 WT using quantitative SWATH-based intensity values as described in (Collins et al., 2013) (Figure S2C ). To pass our strict confidence filtering, interactors need to show an enrichment in GRB2 APs of fold change > 2 and adjusted p value < 0.05. Proteins not fulfilling these criteria were considered as contaminants as described in (Collins et al., 2013) . This strict filtering resulted in the identification of 46 potential highconfidence GRB2 interactors ( Figure S3A ). The sum of all proteins identified in step 1 and step 2 resulted in the identification of 78 potential high-confidence GRB2 interactors ( Figure S3A ).
Step 3: data integration and visualization in Skyline for final validation of the GRB2 high-confidence interactome. An assay library (see Data S1) specific for the 78 potential high-confidence GRB2 interactors identified in step 1 and step 2 (above) was imported in Skyline together with the AP-SWATH data. All peptides/peak groups specific for the potential high-confidence GRB2 interactors were manually inspected ( Figure S3B) . A protein was qualified as a high-confidence GRB2 interactor if at least one peptide per protein was observed across all biological replicates in at least 3 out of 5 time points. Using these criteria, we determined that the GRB2 high-confidence interactome was composed of 53 GRB2 interactors ( Figure  S3C ).
Statistical analysis with MSstats
MSstats external tool in Skyline was used for downstream statistical analysis. All defaults options for MSstats were used except normalization. The 'relative to global standards' normalization method with GRB2 was used for normalizing data with the assumption that GRB2 proteins had the same abundance across MS runs. Significance analysis for different time points was performed in group comparison functionality. The p-values for the tests were adjusted for multiple comparisons by Benjamini and Hochberg to control FDR. The linear plots were drawn with the output from QC functionality.
Computational analysis using the Garuda software platform. We implemented the AP-SWATH data analysis pipeline in the Garuda platform. Garuda connects multiple bioinformatics tools -enabling generation of study-specific Garuda analysis pipelines, which can be shared to the larger scientific community to rapidly reproduce computational analysis performed from complex datasets. A Garuda analysis pipeline was developed for this study to support its reproducibility. The pipeline is composed of three main components, (i) clustering analysis, (ii) heatmap visualization, and (iii) functional connectivity network construction: https://www.dropbox.com/s/w2xafks09tfwdpk/GarudaDataRecord.zip?dl=0 The document outlines 1) the data record for transparent and reproducible computational analysis, 2) the various algorithms (defined as Gadgets on Garuda platform) implemented as part of the computational workflow along with the connectivity of the workflows (defined as Recipes on the Garuda platform), and 3) the steps along with the record of the data and code for the analysis. Currently, the analytics algorithms (Garuda gadgets) have been made available in their original R code along with sample inputs and outputs which can be run from the command lines. The algorithms are made available as packaged gadgets with user-interface which will allow the users to follow the recipe steps outlined in the document and reproduce the results through the Garuda platform.
Clustering analysis: The goal of the clustering analysis is to identify sets of proteins with similar dynamic profiles. The AP-SWATH data was clustered based on all the five time points (log 2 fold change normalized data). In order to cluster proteins into groups, we carried out the hierarchical clustering method by using correlation based distance between two proteins. The distance is defined as 1 -R(i,j), where R(i,j) represents Pearson's correlation coefficient between the protein interaction profiles across the five timepoints of two proteins i and j. In order to assess the certainty of hierarchical clustering, we performed multiscale bootstrap resampling 10,000 times to compute an approximately unbiased (AU) p-value for each cluster (Suzuki and Shimodaira, 2006) . If the AU p-value of a cluster A is greater than 0.95, the hypothesis of "the cluster A is non-existent" is rejected with p < 0.05. It indicates that cluster A is stable and is likely to exist. We used height = 0.50 as cut off value to define clusters, in which proteins share similar dynamics with each other. Note that, except for two single gene clusters, all clusters defined by the cut off are with high AU p-value (e.g., 5 clusters are with AU p-value with > 0.95, while a cluster is that with > 0.90). We used the pvclust R package (Suzuki and Shimodaira, 2006) to implement the clustering method for use on the Garuda platform. Heatmap visualization: We built a Garuda gadget that automatically generates heatmap views of protein abundance data and implemented the gadget in the Garuda platform. The gadget provides heatmap view of log 2 fold change value for each protein at each time point as well as that of log 2 intensity for each protein at each time point. In the heatmap views, red, black, and green indicate up-regulated, mean, and downregulated abundance, respectively. We used gplots and Heatplus R packages to build the Garuda gadget for the heatmap visualization. Functional connectivity network: In order to investigate potential functional connectivity among TCRrelated proteins and proteins quantified by AP-SWATH, we used protein-protein interaction network (PIN) in mice obtained from STRING-db (Szklarczyk et al., 2015) . The PIN is composed of interactions with confidence score greater than 0.90 (the PIN is composed of 32,615 interactions among 5,552 proteins). From the network, we extracted interactions among TCR-related proteins (KEGG database) and those connecting TCR-related proteins and proteins by AP-SWATH. By using the extracted interactions, we build functional connectivity network composed of 76 interactions among 28 proteins, as shown in Figure  S5A . In order to implement functional connectivity network construction method on Garuda platform, we used the igraph package (http://igraph.org/) (Csardi and Nepusz, 2006) . Protein complexes from knock-in GRB2 OST were affinity purified and GRB2 WT mice were used as negative control. Four biological replicates were generated for each time point and the samples were acquired in both DDA and DIA/SWATH mode. The DDA data were searched against a protein database and processed through the Abacus software. A GRB2 OST+WT -specific assay library generated from the DDA data was used to extract MS2-level ion chromatograms from the AP-SWATH data using the OpenSWATH software. The R package imsbInfer (https://github.com/wolski/imsbInfer) was used to process and convert the OpenSWATH extraction results to a format directly compatible for downstream statistical analysis. (B) Representative heatmap showing adjusted NSAF of identified proteins. NSAF from OST samples were compared with those of a set of control samples from WT peripheral CD4 + T cells that express no GRB2 OST bait. Protein abundance was estimated by the average NSAF value for each protein. To pass our permissive confidence filtering, potential high-confidence interactors need 1) to show enrichment values five times greater than the control, 2) to be observed in a least three of the four biological replicates, and 3) to be a non-ribosomal protein.
Proteins not fulfilling these criteria were considered as contaminants as described in (Roncagalli et al., 2014) . (C) Potential highconfidence GRB2 interactors were identified by enrichment over control GRB2 WT using quantitative SWATH-based intensity values as described in (Collins et al., 2013) . The volcano plots show log 2 fold change plotted against -log 10 adjusted p values of a one sided t-test for GRB2 OST versus samples generated from untagged WT control mice. Data points in red in the upper right represent potential high-confidence GRB2 interactors that display an enrichment in GRB2 APs of fold change > 2 and adjusted p value < 0.05. 2AAA  GRAB  ITB2  LCP2  LEUK  PRC2A  PSMD2  RAB7A  RPN1  RUVB1  RUVB2  S61A1  SH3L1  TOP1  TPSN   ARAP1  CBLB  CD6  FYN  GAB3  GRAP  GRAP2  ITK  LAT  M4K1  PLCG1  PTN11  PTN12   CD5  DYN2  LAP2A/B  LAX1  MPCP  ODO1  PEAK1  PLP2  PP1A  SC61B  SH3K1  TPP2   PTPRA  RPN2  SAMH1  SATB1  SHC1  SHIP1  SOS1  SOS2  THMS1  UBS3A  VAV1  VAV3  WIPF1   z   32  26  20  Spectral  counts (58)   SWATH (46)   2AAA  CD28  CNN2  ECHA  ESRP2  GRAB  HNRH1  IRGM1  ITB2  KHDR1  LCP2  LEUK  PDC6l  PR40A  PRC2A  PSMD2  RAB7A  RBM39  RPN1  RUVB1  RUVB2  S61A1  SFXN1  SH3L1  SMCA4  SRRM2  SSRA  TCPZ  TMEDA  TOP1  TPSN  TRI56   ARAP1  CBLB  CD6  FYN  GAB3  GRAP  GRAP2  ITK  LAT  M4K1  PLCG1  PTN11  PTN12  PTPRA  RPN2  SAMH1  SATB1  SHC1  SHIP1  SOS1  SOS2  THMS1  UBS3A  VAV1  VAV3  WIPF1   ANXA6A  SAP1  CBL  CD5  DOD1  DYN2  EP15R  ITSN2  LAP2A/B  LAX  LAX1  ODO1  PEAK1  PLP2  PP1A  SC61B  SH3K1  SHIP2  SRSF2 Figure S2B ) and SWATH ( Figure S2C ) using different filtering criteria as described (Collins et al., 2013; Roncagalli et al., 2014) . Overall 78 proteins were listed as potential high-confidence GRB2 interactors. (B) An assay library specific for the 78 proteins (see Data S1) was imported in Skyline together with the AP-SWATH data. All peptides/peak groups specific for the 78 proteins were manually inspected. A protein was qualified as a high-confidence GRB2 interactor if at least one peptide per protein was observed across all biological replicates in at least 3 out of 5 time points. (C) A total of 53 proteins were validated using these criteria and thus qualified as high-confidence GRB2 interactors for downstream quantitative and statistical analysis. The 53 high-confidence GRB2 interactors are listed and the Venn diagram shows the overlap of high-confidence GRB2 interactors that were originally found by NSAF versus SWATH. Processed Skyline data were stored in Panorama Public to promote data sharing and support reproducibility of this study. (D) Biochemical validation of the GRB2-CD5 and GRB2-ARAP1 interactions identified by the AP-SWATH analysis of the GRB2 OST interactome. Short expanded CD4 + T cells were stimulated with anti-CD3 plus anti-CD4 antibodies for 2 min and subsequently lysed. Equal amounts of cell lysates were incubated with isotype control (Iso Ctrl) or the specified antibodies and the resulting immunoprecipitates (IP) analyzed by immunoblot with the antibodies specified in the left margin. Control total lysates were also analyzed to determine the size of the coimmunoprecipated molecules. Data are representative of two experiments. Note that the lanes in the lower panel were not adjacent to each other in the original image. The line plots show log 2 fold change with respect to T0 over the time course. Interactors for which log 2 fold change was > 1 with adjusted p value < 0.05 (B), fold change < 1 with adjusted p value < 0.05 (C) and fold change < 1 with adjusted p value > 0.05 (D). Data were normalized on GRB2 using the 'relative to global standards' normalization method. Statistics were calculated using MSstats. *** adjusted p < 0.001, ** adjusted p < 0.01, * adjusted p < 0.05. (E) Reproducibility of SWATH intensity measurements for technical replicates using chromatography gradient elution time of 30 min (blue) and 60 min (red). A representative pooled sample from knock-in GRB2 OST mice was acquired in SWATH mode. Processed Skyline data were stored in Panorama Public to support reproducibility of this study. The functional connectivity network was created using databases of high-confidence protein-protein functional associations in mice obtained from STRINGdb (http://string-db.org/). Well-established components of the TCR signaling pathway were extracted from the KEGG database (blue and orange nodes) and integrated together with the high-confidence GRB2 interactors that were consistently quantified and clustered (red and orange nodes). Proteins in the red or orange table represent clustered high-confidence GRB2 interactors showing a strong connectivity with proteins belonging to the TCR signaling network (STRING score > 0.9). The table with dotted lines shows several examples of high-confidence GRB2 interactors that are not connected to the network (STRING score < 0.9) and their corresponding cluster number. This network has been integrated within the Garuda recipe. (B) Identification of eight time-course clusters found by hierarchical clustering of the time-series data. Red or green lines highlight proteins in each 'association' or 'dissociation' cluster, respectively. Vertical axis represents fold change values that were normalized for each protein based on percentage of maximum fold increase or fold decreases. . Thymocytes (developing) and peripheral (mature) CD4 + T cells were isolated and stimulated for different time points with anti-CD3 and -CD4 antibodies in three and four independent experiments, respectively. Quantitative temporal profiling of GRB2 interactors upon activation of peripheral T cells (blue) or thymic T cell (orange) is shown. Data were normalized on GRB2. GRB2 protein interactions showing statistically significant differences between the two cell types at specific stimulation time points are indicated by the asterisks (** adjusted p < 0.01, * adjusted p < 0.05). Statistics were calculated using MSstats.
